Enhanced nucleate boiling on horizontal hydrophobic-hydrophilic carbon nanotube coatings Ideal hydrophobic-hydrophilic composite cavities are highly desired to enhance nucleate boiling. However, it is challenging and costly to fabricate these types of cavities by conventional micro/nano fabrication techniques. In this study, a type of hydrophobic-hydrophilic composite interfaces were synthesized from functionalized multiwall carbon nanotubes by introducing hydrophilic functional groups on the pristine multiwall carbon nanotubes. This type of carbon nanotube enabled hydrophobic-hydrophilic composite interfaces were systematically characterized. Ideal cavities created by the interfaces were experimentally demonstrated to be the primary reason to substantially enhance nucleate boiling. Guided by nucleate boiling theory 3 and the most recent study, 4 ideal boiling surfaces should be hydrophilic to delay filmwise transition and contain hydrophobic cavities to trap gases or vapor by taking advantages of both of the hydrophilic and hydrophobic properties. 4 In this experimental study, hydrophobic-hydrophilic composite interfaces were synthesized from functionalized multiwall carbon nanotubes (FMWCNTs) by introducing hydrophilic functional groups on the pristine multiwall carbon nanotube (MWCNT) surfaces. The ideal boiling surfaces created by the carbon nanotube (CNT) enabled hydrophobic-hydrophilic composite interfaces were experimentally demonstrated to effectively enhance nucleate boiling in the horizontal direction.
Enhanced transport phenomena were reported on partially hydrophobic and partially hydrophilic interfaces. 5, 6 For examples, Daniel et al. 7 reported that the interfaces with hydrophobic-hydrophilic composite wettabilities were able to accelerate drop motion, 8 and thus significantly enhance the condensation heat transfer. Miljkovic et al. 9 observed that partially wetting droplets exhibited a much higher growth rate than suspended droplets during dropwise condensation. Martines et al. 6 confirmed that a forest of hydrophilic/ hydrophobic slender pillars was shown to be the most effective superwettable/water-repellent configuration. CottinBizonne et al. 10 found that partial dewetting on a composite interface was superior in producing a "water repellent" effect and thus in reducing the surface friction. In addition, a superhydrophobic and sticky interface was found to be exceptional in transporting small volumes of liquids without loss. 11, 12 Enhanced nucleate boiling was experimentally demonstrated on micro-fabricated hydrophobic-hydrophilic surfaces. 13 However, the enhanced nucleate boiling on CNT-enabled hydrophobic-hydrophilic interfaces was not reported. More importantly, the conventional micro/nanofabricated hydrophobic-hydrophilic composite interfaces 6, 13 are usually costly and challenging to tune the wettability in a controlled manner.
CNTs with defects, which were generally regarded to have mechanical, 14 electrical, 15 and thermal disadvantages, 16 were shown to exhibit intriguing properties for many emerging applications such as nano-sensors, 17 super conductors, 18 catalysts, 19 and field effect transistors. 20 In this study, the hydrophobic-hydrophilic composite interfaces were synthesized by partially oxidizing pristine MWCNT surfaces to form hydrophilic carboxylic and hydroxylic functional groups on the defect sites of MWCNTs. 19 The commercially available MWCNTs were initially oxidized in aqua regia solutions (Figs. 1(a) and 1(b)). Then, 5 mg of synthesized FMWCNTs with 20 mg of 5% Nafion solution were ultrasonically dispersed in the isopropyl alcohol to form "inks." Greater dispersions of FMWCNTs were obtained by ultrasonically mixing with isopropyl alcohol, and adding amphiphilic Nafion. 21 The well-dispersed FMWCNT "inks" were deposited on a copper substrate by an ultrasonic spray coater. Nafion served as a gluing media to strengthen the bonding forces, which were characterized by the microscratch tests (supplementary material). 22 Oxygen plasma was used to further functionalize the FMWCNT coated samples, which added more hydrophilic functional groups 23 ( Fig. 1(c) ). The extent of functionalization can be conveniently tuned by varying the reaction time and the oxygen flow rate. Here, Nafion was also used to strengthen the bonding of the FMWCNT coatings with the substrate, introduce the additional hydrophobic functional groups (-CF 2 -) and hydrophilic sulfuric acid groups (-SO 3 H) and improve the dispersion.
In this study, the distribution and concentration of hydrophilic groups were approximately indicated by tracer particles (Figs. 1(d) and 1(e)) due to the challenge in directly visualizing the hydrophobic-hydrophilic network on FMWCNTs. Positively charged platinum ions (Pt 4þ ) from chloroplatinic acid (H 2 PtCl 6 ) were used to locate the functional groups on the FMWCNT wires and bundles since the reduced platinum particles tend to nucleate on the defects of a)
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FMWCNTs. 19 The functional groups grow preferentially in the defect sites. 24 As a result, Pt loaded areas were taken favorably as functionalized regions.
The hydrophilic functional groups grown on the defected areas are at the nanoscale. Thus, it is challenging to quantify the ratio of the hydrophilic surface areas in the porous coatings. In this study, the macroscopic static contact angle measurements were employed to characterize the wettability of the hydrophobic-hydrophilic composite interfaces. The pristine MWCNT coatings are hydrophobic 25 and nonadhesive ( Fig. 2(a) ). The straw-like pristine MWCNT coated interface is superhydrophobic 26 and non-wettable even totally immersed in water. In contrast, the dry FMWCNT coatings on a flat copper substrate were apparently hydrophobic, but adhesive, which was evidenced by a water droplet adhering to the coatings with a tilt angle of 180 (Figs. 2(b) and 2(c)). Although having almost the same surface morphologies as the non-adhesive pristine MWCNT coatings, the FMWCNT coatings showed stickiness, which is believed to be induced by the hydrophilic functional groups on the defect areas ( Fig. 1(e) ). This indicated that the Van der Waals 11 and/or the capillary force between the nanostructured interfaces and water are introduced by the partial wetting. 6 Therefore, transitions between the CassieBaxter and Wenzel 27 states can be induced by enhancing stickiness. 28 When the wetting behavior changes from the Cassie mode to the Wenzel mode, the liquid droplet can at least partially fill the cavities of the rough substrates with a reduced apparent contact angle. 29 The characterization of sticky property clearly indicated the effect of partial hydrophilicity on surface wettabilities (Figs. 1(d) and 1(e)). FMWCNT interfaces were shown to be wettable ( Fig. 2(d) ). The reason could be the capillary flow induced at the solidliquid-gas interfaces. As a result, the majority of pores can be filled with water, causing the interfaces to lose its waterrepellent properties 28 as shown in Fig. 2(d) . These observations are consistent with the hydrophobic-hydrophilic wettability of FMWCNTs as shown in the TEM images ( Figs. 1(g) and 1(h) ). In contrast to the non-wettable MWCNT coating, this wettable FMWCNT coated interface can improve the local liquid supply during the nucleate boiling process as the whole interfaces are immersed in the liquids.
Regular FMWCNT wires or bundles, i.e., those only treated by aqua regia, contain fewer hydrophilic functional groups ( Fig. 1(e) ) than oxygen plasma treated FMWCNTs (Fig. 1(f) ). This observation implies the superior tunability of hydrophobic-hydrophilic composite wettability enabled by the enhanced FMWCNTs. In this study, the relative hydrophilicity of individual FMWCNT wires and coatings can be conveniently tuned by controlling the plasma treatment time. Fig. 2(e) quantitatively shows that the apparent contact angle of FMWCNT interfaces decreased with increasing plasma treatment time at a given oxygen flow rate. Raman analysis showed that more defects were introduced by longer plasma treatment time, 30 e.g., with more C¼O, OAC¼O and OAH groups, 23 which were indicated by an increasing I D /I G ratio 30 (refer to the supplement information). To better understand the effects of plasma treatment on the wetting property of CNTs, the change of static contact angle on pristine MWCNTs coatings without Nafion was studied. Longer plasma treatment time resulted in a higher hydrophilicity, which was indicated by the reduced contact angle (Fig. 2(f) ). The required time of plasma treatment was much less than that of FMWCNTs coatings with Nafion. This could be a result of protection effects from Nafion wrapping.
Ideal boiling surfaces to achieve high heat transfer coefficient (HTC) and critical heat flux (CHF) should have a combination of features: high active nucleation site density, optimized cavities that are favorable for bubble growth and departure and in reducing superheat, minimized flow resistance to improve liquid supply, and an evenly distributed liquid film to induce and promote thin film evaporation. The straw-like FMWCNT coatings, which can randomly form a large number of interconnected pores or cavities ( Fig. 1(h) ) with partially hydrophobic and partially hydrophilic areas ( Fig. 1(g) ), could create ideal nucleate boiling surfaces.
In general, there are four typical types of boiling surfaces as schematically shown in Fig. 3(a) . The type I boiling surfaces with superhydrophilic cavities can substantially reduce superheat, delay the transition boiling, and hence enhance HTC as guided by the nucleate boiling theory, 3 but they greatly suffer from flooding. Additionally, the type II boiling surfaces with superhydrophobic cavities can accelerate bubble departure processes, but result in extremely high superheat. According to the most recent study, 4 the type III boiling surfaces with superhydrophobic-superhydrophilic surfaces are ideal for nucleate boiling by taking advantages of both hydrophilic and hydrophobic properties. However, it is challenging to fabricate type III boiling surfaces by traditional micro/nano fabrication techniques. 13 In this study, the type IV boiling surfaces (right in Fig. 3(a) ), which were created by the FMWCNTs, intrinsically include a large amount of submicro/nanoscale interconnected cavities with unique hydrophobic-hydrophilic composite wettability.
An experimental pool boiling study was performed to evaluate type IV boiling surfaces. 22 In order to take full advantages of the supernucleating interfaces, the mixture of Nafion and FMWCNTs (NFMWCNTs) was coated on twolayer copper mesh screens to form hierarchical structures. The hierarchical structures contained microscale pores (Fig. 3(b) ) and nanopores ( Fig. 3(c) ) created by copper meshes and NFMWCNT coatings. Microscale pores were designed to reduce the liquid flow resistance. In total, five samples were experimentally studied (refer to the supplementary information). Flat copper surfaces were used to calibrate the test apparatus, and two-layer sintered copper woven mesh screens were used as the baseline. Three two-layer mesh screens coated with approximately 800 nm thick NFMWCNTs were tested to determine the effects of the hydrophobic-hydrophilic composite interfaces on nucleate boiling.
From the five boiling curves presented in Fig. 3(d) , the overall nucleate boiling HTC on NFMWCNT coatings with and without oxygen plasma treatments was significantly enhanced, compared to the bare two-layer copper mesh screens. However, such an enhancement was found to decrease with an increasing amount of hydrophilic groups. Specifically, for a given heat flux 135 W/cm, 2 the HTC on the regular NFMWCNT coated sample was dramatically enhanced by 46.5%, but the enhancement was reduced to approximately 32.7% and 20.8% on two plasma treated samples, i.e., plasma-NFMWCNT 1 and 2, respectively. Additionally, CHF was significantly reduced from 181.1 to 135.5 W/cm 2 on the regular NFMWCNT coated sample, because the amount of functional groups on the regular NFMWCNTs was limited and degraded the local wettability and hence, the liquid supply, as indicated in Fig. 1(e) . This observation is consistent with two oxygen plasma-treated NFMWCNTs coatings, where CHFs were found to increase from 181.1 W/cm 2 to 187.2 W/cm 2 and 210.5 W/cm 2 , 2 respectively. It was experimentally validated that more hydrophilic functional groups lead to the improvement of local liquid supply and, therefore, the delay of transition boiling. The onset of nucleate boiling (Fig. 3(d) ) on regular NFMWCNTs or plasma-treated NFMWCNTs was significantly delayed compared with the bare meshes. That could be caused by the reduced cavity opening size formed by NFMWCNTs, as indicated by nucleate boiling theory. 3 To mechanistically understand the enhanced nucleate boiling on NFMWCNT coatings, a visualization study was performed to understand the bubble dynamics on three flat substrates: bare copper, NFMWCNT coated copper, and oxygen plasma treated NFMWCNT coated copper at a given super heat, DT ¼ 9 6 0.5 C. 22 The dramatic enhancement on the NFMWCNTs was caused by the significant increase of active nucleation site density, bubble growth rate, and bubble departure frequency on the hydrophobic-hydrophilic composite cavities (Fig. 4) . The active nucleation site density on NFMWCNT coatings with and without oxygen plasma treatments was at least one order of magnitude higher than that on the bare copper substrate. The primary reasons could be in two-folds during the entire nucleate boiling process. First, the total surface area was significantly augmented because of the NFWMCNT coatings. Second, the active nucleation site density was dramatically enhanced because of the prevention of cavities (formed by NFMWCNTs) from flooding due to their partially hydrophobic property. The highest nucleation site density was on the regular NFMWCNT coatings (Fig. 4(a) ). Bubble growth rate on the NFMWCNT coatings with and without oxygen plasma treatments (Fig. 4(b) ) was also significantly higher than that on the bare copper surface, which indicated that the evaporation in the microlayer was primarily enhanced by the hydrophilic groups. However, having a fewer number of hydrophilic groups resulted in a relatively higher evaporating rate on the microlayer according to the visualization study. This could be caused by the decreased local drag resulting from fewer hydrophilic groups, which would enhance the water supply to the nanopores or cavities underneath (refer to the supplementary videos). 22 Additionally, bubble departure frequency from NFMWCNT coatings was higher (Fig. 4(c) ) and the average bubble departure diameter was smaller (Fig. 4(d) ) compared with those on the bare copper interface. The reason can be a combined effect of the reduced anchoring capillary force on hydrophobic-hydrophilic interfaces and the increased inertia force resulting from the bubble growth due to the enhanced evaporation in the microlayer (refer to the supplementary videos). 22 The slightly functionalized NFMWCNT interfaces performed even better in terms of bubble generation, growth, and departure than the oxygen plasma treated NFMWCNT interfaces. This observation confirms that hydrophobic cavities are superior in promoting the bubble departure processes, and hence, in enhancing the HTC, while hydrophilic surfaces are more suitable for improving the local wettability and therefore delaying the transition boiling, i.e., enhancing CHF. This study experimentally demonstrates that the enhancements of HTC and CHF can be achieved by inducing hydrophobic-hydrophilic composite wettability, which can be tuned by varying the concentration of hydrophilic functional groups.
To further distinguish the effects of hydrophilicity and defect density on boiling heat transfer enhancement, FMWCNT coatings with and without fluoridations were studied. FMWCNT was treated by fluorine gas to achieve hydrophobic fluorinated FMWCNT (F-FMWCNT), where more defect areas were introduced and a large amount of hydrophobic C 2 F functional groups were created. 31, 32 The completely hydrophobic F-FMWCNT and partially hydrophilic FMWCNT were coated on the flat copper substrates without any additives. The contact angles were measured at 146.2 and 19.3 , respectively (Fig. 4(e) ). Boiling heat transfer rate on the F-FMWCNT coatings was lower than that on the FMWCNT coatings. Additionally, the Raman spectroscopy examined that the F-FMWCNT had a higher defect density than the FMWCNT (indicated by the higher I D /I G ratio as shown in Fig. 4(e) ). Therefore, the enhancement of boiling heat transfer should be primarily caused by the introduced hydrophilicity instead of the defect density in the CNT enabled hydrophobic-hydrophilic interfaces.
In summary, interfaces with hydrophobic-hydrophilic composite wettabilities were synthesized from the functionalized MWCNTs by partially oxidizing pristine MWCNT surfaces to form hydrophilic carboxylic and hydroxylic functional groups on the defect sites. Amphiphilic Nafion was added to strengthen the bonding of the FMWCNT coatings and to introduce additional hydrophobic functional groups (-CF 2 -) and hydrophilic sulfuric acid groups (-SO 3 H). The distribution and concentration of hydrophilic groups were approximately indicated by platinum nano-particles. The apparent contact angle of the interface was shown to be conveniently tuned in a large range by varying the concentration of the intrinsically hydrophilic functional groups. The present nano-engineered interface, which is composed of numerous submicro/nanoscale interconnected cavities with partially hydrophobic and partially hydrophilic wettability, was experimentally demonstrated to be superior in enhancing nucleate boiling. This is because the hydrophobic-hydrophilic interfaces effectively enhance nucleation density, bubble growth rate, and bubble departure frequency, and thus considerably improve nucleate boiling. Hydrophobic F-FMWCNTs with higher defect densities were shown to perform worse than the hydrophilic FMWCNTs in boiling heat transfer. This indicated that the nucleate boiling should be primarily enhanced by the introduced hydrophilicity, instead of the defect density in the CNT enabled hydrophobic-hydrophilic interfaces. Moreover, this nano-engineered interface can be potentially used to enhance transport phenomena at micro/nano scale, such as transporting liquid without loss, 11 reducing friction, 10 and manipulating droplet movement. 
